• Background and Aims Evolutionary change in developmental trajectories (heterochrony) is a major mechanism of adaptation in plants and animals. However, there are few detailed studies of the variation in the timing of developmental events among wild populations. We here aimed to identify the climatic drivers and measure selection shaping a genetic-based developmental cline among populations of an endemic tree species complex on the island of Tasmania.
• Background and Aims Evolutionary change in developmental trajectories (heterochrony) is a major mechanism of adaptation in plants and animals. However, there are few detailed studies of the variation in the timing of developmental events among wild populations. We here aimed to identify the climatic drivers and measure selection shaping a genetic-based developmental cline among populations of an endemic tree species complex on the island of Tasmania.
• Methods Seed lots from 38 native provenances encompassing the clinal transition from the heteroblastic Eucalyptus tenuiramis to the homoblastic Eucalyptus risdonii were grown in a common-garden field trial in southern Tasmania for 20 years. We used 27 climatic variables to model the provenance variation in vegetative juvenility as assessed at age 5 years. A phenotypic selection analysis was used to measure the fitness consequences of variation in vegetative juvenility based on its impact on the survival and reproductive capacity of survivors at age 20 years.
• Key Results Significant provenance divergence in vegetative juvenility was shown to be associated with homesite aridity, with the retention of juvenile foliage increasing with increasing aridity. Our results indicated that climate change may lead to different directions of selection across the geographic range of the complex, and in our mesic field site demonstrated that total directional selection within phenotypically variable provenances was in favour of reduced vegetative juvenility.
• Conclusions We provide evidence that heteroblasty is adaptive and argue that, in assessing the impacts of rapid global change, developmental plasticity and heterochrony are underappreciated processes which can contribute to populations of long-lived organisms, such as trees, persisting and ultimately adapting to environmental change.
INTRODUCTION
The developmental (ontogenetic) trajectories of animals and plants are usually under strong genetic control, and involve not only a transition to the reproductive state, but changes in the somatic (vegetative) phenotype (Gould, 1977; Guerrant, 1988) . This ontogenetic change in phenotype can be rapid and dramatic, as exemplified by animal metamorphosis (e.g. amphibians and arthropods) or plant heteroblasty/heterophylly, or more subtle and unsynchronized across multiple traits. Evolutionary change in developmental trajectories, termed heterochrony (McNamara, 2012) , is believed to be a major mechanism of adaptation in animals and plants (Gould, 1977; Guerrant, 1988; McKinney and McNamara, 1991; Li and Johnston, 2000; Climent et al., 2006; Maherali et al., 2009) . It has long been argued that just a few changes in genes which regulate developmental trajectories might produce markedly different phenotypes in descendants and provide a means of rapid adaptive evolution (Goldschmidt, 1940; Gould, 1977; McKinney and McNamara, 1991; Wiltshire et al., 1994) . This is particularly significant when the change involves a shift in the timing of reproduction relative to the ontogenetic change in morphology (Wiltshire et al., 1994; Li and Johnston, 2000) .
Despite the recognized importance of heterochrony in plant evolution, there have been surprisingly few detailed studies of the variation in the timing of developmental events among wild populations (Franks and Weis, 2008; Santos-del-Blanco et al., 2013) , particularly involving heteroblasty (Wiltshire et al., 1998; Jordan et al., 1999 Jordan et al., , 2000 Climent et al., 2006) . The microevolutionary processes leading to such heterochronic variation can provide insights into macro-evolutionary processes which have underlain many speciation events (Fernández-Mazuecos and Glover, 2017) . Gene flow, drift, phylogenetic/genetic constraints and natural selection all interact to shape the patterns of genetic diversity in wild populations (Endler, 1986; Givnish, 1987; Chenoweth et al., 2010; Wilson and Poissant, 2016) . Understanding their relative roles in shaping variation in a focal trait is a major challenge in evolutionary biology (Endler, 1986) . Elucidating the role of natural selection, for example, is complicated by the possibility of correlated responses. Indeed, differentiating between direct and indirect selection acting on a trait is important to understand the biological basis of selection occurring within a generation and/or predict the evolutionary response to selection across generations (Lande and Arnold, 1983; Arnold and Wade, 1984; Mitchell-Olds and Shaw, 1987; Rausher, 1992; Chenoweth et al., 2010) . Understanding of the role of selection in the evolution of heterochrony in wild populations requires the integration of multiple lines of evidence (Wade and Kalisz, 1990) . This is particularly the case with large, long-lived organisms such as trees where opportunities for the application of reverse-genetic approaches and multigeneration selection experiments are limited, and the relevant genetic variation in heterochrony and fitness differentials may take years to be expressed within a generation (Petit and Hampe, 2006; Jaramillo-Correa et al., 2015; Brunner et al., 2016) .
Trees of the genus Eucalyptus abound with examples of closely related taxa or intraspecific populations that are differentiated on the basis of the timing of developmental events (Potts and Wiltshire, 1997; Borzak et al., 2015; Brunner et al., 2016) . The heteroblastic transition from juvenile to adult leaf types (vegetative phase change) and flowering precocity (reproductive phase change) are the most studied examples. Variation in the onset of these developmental events has been shown to: (1) be under strong genetic control at both the population and intrapopulation levels (Wiltshire et al., 1998; Jordan et al., 1999 Jordan et al., , 2000 Hamilton et al., 2011) , and to exhibit low genotype by environment interaction (Hamilton et al., 2011) ; (2) reflect expressed variation in multiple quantitative trait loci (Hudson et al., 2014) ; and (3) be dependent on the number of nodes expanded James and Bell, 2000; Hudson et al., 2014) . In the case of vegetative phase change, there is evidence that microRNAs play an important role in triggering the heteroblastic transition (Wang et al., 2011; Hudson RB A  B   LBI  CH  BGP  STR  GH  BICH  LBR  AC  TB  HTR  FBR  BCO  RVBH   Juvenile   Juvenile Adult
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Intermediates (RT)   EBR  HR  FOR  GHR  GBH  SAR  ACT  RRR  RVH4  HRH  MRGH  MRSH  DH  RVEH  RVH2  RVH3  MR01  GHNH  GHH1  GHFH  MRTH  HT01  HKH  GHH2   0  2 RB  LBI  CH  BGP  STR  GH  BICH  LBR  AC  TB  HTR  FBR  BCO  RVBH  EBR  HR  FOR  GHR  GBH  SAR  ACT  RRR  RVH4  HRH  MRGH  MRSH  DH  RVEH  RVH2  RVH3  MR01  GHNH  GHH1  GHFH  MRTH  HT01 HKH GHH2 Fig. 1 . Provenance values for mean effects and associated 95 % confidence intervals for the examined common-garden trial site: (A) vegetative juvenility (i.e. percentage of juvenile foliage retained at age 5 years); and (B) adult survival (i.e. probability of survival at age 20 years). The 38 provenances of the three ontogenetic classes E. tenuiramis (T), E. risdonii (R), and their intermediates (RT) are shown. Provenances have been grouped by ontogenetic class, and then ranked within an ontogenetic class according to the percentage of juvenile foliage previously observed in the wild (Wiltshire et al., , 1998 . Ideograms represent the extremes of the phenotypic cline from the heteroblastic E. tenuiramis to the homoblastic E. risdonii ontogenetic classes. The opposite, connate 'juvenile' leaf form is retained into reproductive maturity in E. risdonii (bottom), whereas E. tenuiramis is only reproductively mature when bearing the opposite, petiolate 'adult' leaf form.
et Brunner et al., 2016) , which is associated with major changes in gene methylation (Brunner et al., 2016; Hasbun et al., 2016) . In addition to the ontogenetic changes in leaf morphology, there is increasing evidence for multiple physiological (James et al., 1999; Jaya et al., 2010) , anatomical (James et al., 1999; James and Bell, 2001; Gras et al., 2005; Loney et al., 2006) and biochemical (Loney et al., 2006; Goodger et al., 2013) differences between 'juvenile' and 'adult' leaf types. Such differences underlie different biotic interactions involving susceptibility to disease (Park and Keane, 1982; Balmelli et al., 2014) , insects (Steinbauer, 2002; Lawrence et al., 2003; Nahrung and Allen, 2003) and vertebrates (Loney et al., 2006) , and strongly argue for a functional basis to the ontogenetic variation in heteroblasty.
In some eucalypt species, the juvenile phase seems to be more shade tolerant and less drought resistant than the adult phase, whereas in other species it appears to be adapted to better resist frost or high insolation loads and drought stress (Potts and Wiltshire, 1997) . The present study investigates clinal variation in vegetative juvenility in trees from the Eucalyptus risdonii-Eucalyptus tenuiramis complex. This complex is endemic to the southern hemisphere island of Tasmania, Australia, where a cline in increasing retention of the juvenile foliage links the widespread heteroblastic taxon -E. tenuiramis -to its rare sister taxon -E. risdonii -which retains juvenile foliage throughout its life (Wiltshire et al., , 1998 Turner et al., 2000 Turner et al., , 2001 . Eucalyptus tenuiramis only bears flowers in the adult leaf stage, whereas its descendant E. risdonii flowers while bearing the juvenile leaves (Fig. 1) . The morphological difference between reproductively mature phenotypes of these taxa is striking. The juvenile leaves of E. risdonii are highly glaucous, broad and opposite with nodal pairs fused at the base (i.e. connate). In contrast, while the juvenile leaves of E. tenuiramis are similar to those of E. risdonii, the adult leaves borne by reproductively mature E. tenuiramis are more typical of mature eucalypts, being less glaucous, alternate, petiolate and lanceolate in shape. Eucalyptus risdonii rarely develops this adult leaf form in the wild, and when it does they more resemble the ontogenetically transitional leaves of E. tenuiramis .
The heterochronic variation among populations of the E. risdonii-E. tenuiramis complex has a genetic basis, with the pattern of clinal variation evident in wild populations also evident in a common-garden field trial. The cline, which involves a delay in the nodal transition to adult foliage, is evident in both the height and chronological timing of the vegetative transition, and has been argued to have arisen through neoteny (i.e. retention of the juvenile form of the ancestor) (Wiltshire et al., 1998) . It has been hypothesized that vegetative juvenility in this complex is favoured on dry sites (Potts and Wiltshire, 1997) , although in other eucalypt species the opposite trend has been reported (Jordan et al., 2000) . Using a common-garden trial growing at a mesic site, we test whether: (1) the genetic-based population divergence in the degree of vegetative juvenility is associated with climate aridity at the population origin (i.e. the home site); and (2) developmental differences in vegetative juvenility within phenotypically variable populations have fitness consequences in terms of later-age survival and reproductive capacity.
MATERIALS AND METHODS
Field trial and measurements
The common-garden field trial was established in June 1990 to investigate the genetic basis of variation in the onset of the ontogenetic transition from juvenile to adult foliage types in the E. risdonii-E. tenuiramis complex. The trial is detailed in Wiltshire et al. (1998) . In brief, the trial site was located near Franklin in southern Tasmania (latitude 43°04′S, longitude 146°53′E; and elevation of 350 m above sea level) on an exforest site that had been cleared and ripped at 3 m intervals for plantation establishment. The site was considered highly productive and suitable to sustain wet sclerophyll forests, with predicted mean annual precipitation of 1030 mm (based on BIOCLIM surfaces, see below). The trial included families (progeny based on open-pollinated seed collection from a single tree) from 40 native populations (hereafter referred to as 'provenances') covering the geographic range of E. risdonii (R) and E. tenuiramis (T), as well as geographically and ontogenetically intermediate populations (RT) (with R, T or RT being denoted as a 'ontogenetic class'; see Wiltshire et al., 1991 Wiltshire et al., , 1998 . The geographic location and climatic details of the provenance home sites and the trial site are given in Supplementary Data Table S1 . The trial had three replicates into which families (irrespective of provenance) were randomized and represented as single-tree plots at a 3 × 3 m spacing. All provenances were represented in each replicate. However, incomplete replication of some families required the random allocation of additional seedlings from other families to empty positions.
Vegetative juvenility was quantified as the percentage of tree height with juvenile foliage (JUV) at age 5 years, following Jordan et al. (1999 Jordan et al. ( , 2000 . Trees which had not made the transition by age 5 years were given a value of 100 %. At the provenance level, this relative measure from the field trial is strongly positively correlated with the percentage of the canopy that bears juvenile foliage in wild populations (Wiltshire et al., 1998) . For all the trees that had been assessed for JUV at age 5 years, adult survival (SURV) was subsequently determined at age 20 years: an alive plant was scored as 1, and a dead plant was recorded as 0. Reproductive capacity (REPR) was evaluated only in the trees that survived to age 20 years: a plant was recorded as 1 if reproductive (i.e. if capsules or flower buds were observed in the canopy), otherwise it was given a score of 0.
Data analysis
Data sets. The analyses undertaken in the present study were based on the following data.
Provenance differences in SURV, REPR and JUV were studied by using data from 38 provenances. Thus, from the original 40 provenances planted, two (HF and HRA) were excluded from these analyses due to low sample size in both cases, and also due to an invariant phase change in one of the cases which caused convergence difficulties when modelling JUV. The analyses of provenance differences for SURV and JUV were based on the same data set, including 765 plants from 360 families and comprising all the trees that had been phenotyped for vegetative juvenility at age 5 years. This data set also enabled us to study the association of JUV with home-site climate variables. The analysis of provenance differences for REPR used the sub-set of individuals that survived to age 20 years, and included 437 plants from 273 families. The average number of families per provenance ranged from approximately ten (SURV and JUV) to seven (REPR), with the representation of individuals being sparse across families (i.e. the family sizes varied from one to four plants).
Phenotypic selection on JUV acting within provenances via the examined fitness components (i.e. SURV or REPR) was studied by using data from provenances that were proximal to the intergradation zone between the two taxa and maximized the within-provenance phenotypic diversity for JUV. Thus, more informative data on JUV will be provided by this subset of central provenances to study the fitness consequences of within-provenance variation in this focal trait. In this sense, 17 provenances were considered for analysis (i.e. ACT, BCO, DH, EBR, FOR, GHNH, HRH, HT01, MR01, MRGH, MRSH, MRTH, RVBH, RVEH, RVH2, RVH3 and RVH4; Wiltshire et al., 1998) , and included six and five provenances from E. risdonii and E. tenuiramis, respectively, as well as six intermediate provenances. The analysis of phenotypic selection on JUV mediated by SURV used 374 individuals, comprising all the plants (from the 17 provenances) that had been measured for JUV at age 5 years; the sample mean and standard deviation for JUV were, respectively, 65.0 % and 27.3 % (range from 17 to 100 %) for these data. A sub-set of 224 plants from these data, and pertaining to those individuals that survived to age 20 years, was used in the analysis of phenotypic selection on JUV occurring through REPR; the sample mean and standard deviation for JUV were, respectively, 59.3 % and 26.9 % (range from 17 to 100 %) for these data. Provenance differences. We examined the effect of provenance on SURV, REPR and JUV. Data analyses of SURV and REPR were undertaken using a generalized linear model that included fixed effects for the intercept, provenance and replicate model terms. It was assumed that the SURV and REPR data were generated from a Bernoulli distribution, and the logit link was used as a link function to relate the mean response to the linear predictor. A detailed description on the modelling of SURV and REPR is given in Supplementary Data Methods S1. As a continuous variable with observations bounded at 0 and 100 %, JUV was assumed to follow a standard beta distribution, which can be parameterized as a function of a location parameter µ (i.e. mean response) and a scale parameter ϕ (i.e. precision) (Smithson and Verkuilen, 2006) . Prior to analysis, the observed percentage values of JUV were converted into proportions. Then, instead of modelling only µ and fitting ϕ as a nuisance parameter (e.g. Ferrari and Cribari-Neto, 2004) , we have applied an extended beta-distributed generalized linear model for joint modelling mean response and precision (and thus dispersion), following the methodology proposed by Smithson and Verkuilen (2006) . Within this framework, the parameters µ and ϕ were related to predictor variables (again comprising fixed effects for the intercept, provenance and replicate model terms) via distinct linear predictors, and using the logit and log link functions for modelling µ and ϕ, respectively. Further details on the modelling of JUV (including also rescaling the data to circumvent the presence of some proportions equal to one) are provided in Supplementary Data Methods S2.
The analysis of SURV and JUV used the same set of observations (N = 765), whereas the analysis of REPR was based on a reduced set including only the trees that were alive at age 20 years (N = 437) (see 'Data sets' above). Estimates of model parameters and associated standard errors were obtained by maximum likelihood estimation. Wald F-tests (with the denominator degrees of freedom given by N -k, where k denotes the rank of the matrices X or W; for the description of these matrices, see Supplementary Data Methods S1 and S2) were conducted to determine whether differences of mean (all response variables) or dispersion (JUV) effects were statistically significant among provenances or replicates. Least-squares mean estimates were obtained on the link (linear) scale for each provenance, and then provenance-predicted values on the scale of the data (hereafter referred to as 'provenance values') were computed by applying the inverse link function to the estimated least-squares means. In this sense, provenance values of mean effects were obtained for SURV and REPR (i.e. probability of surviving or reproducing), and provenance values of mean and dispersion effects were calculated for JUV (i.e. percentage of vegetative juvenility); the respective standard errors were approximated by applying the delta method (Billingsley, 1986; Cox, 1998) , and 95 % confidence limits were obtained by inversely linking the corresponding confidence limits on the linear scale. To test the goodness-of-fit of the logistic regression model with categorical predictors used in the analyses of SURV and REPR, the Stukel's test (Stukel, 1988) was applied. This test found no evidence (P > 0.05) to reject the null hypothesis that the fitted logistic regression model is correct, indicating that the given model was adequately specified for SURV and REPR. In addition, in the analyses of all of the three response variables, the variance of the Pearson residuals was close to one, further suggesting that the applied models fitted the data adequately.
Previous analyses extending the generalized linear model defined above to include random effects were conducted to test whether a random family term, nested within provenances, was statistically significant. A generalized linear mixed model was thus applied, with parameter estimates obtained using adaptive Gauss-Hermite quadrature, which is an integral approximation technique to evaluate the marginal log-likelihood of the data numerically. For the three response variables analysed, the estimated variance for the family effects appeared to be either at the boundary of zero (REPR and JUV) or not statistically significant (P > 0.05) according to a one-tailed likelihood-ratio test (Stram and Lee, 1994 ) (SURV). Although possibly reflecting a sparse family structure in the data, these insignificant results did not justify the extra model complexity of including a random family term, and thus further analyses treated the individual trees from the same family as being independent observations. The SAS procedures GLIMMIX, LOGISTIC and NLMIXED (SAS, 2015) were used to undertake the analyses of provenance differences. Relationship between vegetative juvenility and home-site climate. To determine whether provenance differences in vegetative juvenility at the trial site were associated with home-site climate (i.e. the climate at the native provenance site), the variation in provenance values of mean effects for JUV was modelled by using the random forest algorithm (Breiman, 2001) , implemented in the randomForest software package in R (Liaw and Wiener, 2002 ) (see Supplementary Data Methods S3). To achieve this, we started by obtaining a total of 1089 natural distributional records of E. tenuiramis and E. risdonii from the Natural Values Atlas of Tasmania (https://www.naturalvaluesatlas.tas.gov.au/). Using the latitude and longitude co-ordinates for each of these natural distribution records, 27 climate variables were subsequently derived from baseline climate surfaces ; hereafter referred to as 'contemporary') obtained from the BIOCLIM module of the software package ANUCLIM (version 6.1; Xu and Hutchinson, 2013) . These variables included eleven temperature, eight precipitation and eight radiation variables (Supplementary Data Table S2 ). We then applied a principal component analysis using the correlation matrix among the 27 bioclimatic variables derived for each of the 1089 records, and the first four principal components explained 94 % of the total variation in the climate data across the native range of the complex (Supplementary Data Figs S1 and S2). The eigenvectors associated with these four principal components were retained, and principal component scores were then calculated for the provenance home sites using the corresponding records for the 27 climate variables (a similar procedure was followed to obtain principal component scores for the trial site and spatial grid cells; see the next paragraph). These principal component scores comprised the values of the four independent variables (i.e. the retained four principal components summarizing the variation in 27 climate variables) that were used in the random forest algorithm to model the relationship between vegetative phase change and home-site climate.
The developed random forest model was then used to predict vegetative juvenility for the trial site and each 30 s (approx. 0.8 km) spatial grid cell across south-eastern Tasmania, based on: (1) the contemporary ) BIOCLIM surfaces; and (2) BIOCLIM surfaces projected for 2070-2099 (hereafter denoted as the '2080s' and associated predictions referred to as 'forecasts'), calculated by the Climate Futures of Tasmania (Corney et al., 2010) using six global circulation models (GCMs) based on the A2 emission scenario (see Supplementary Data Methods S4). While the projections of the six GCMs for the 2080s represent equally plausible future climates (see Supplementary Data Fig. S3 for the 2080s forecasts of the random forest model under each of the GCMs), we restricted the presentation of the results to the ECHAM model, which projects a climate that is nearest to the multimodel mean of all the GCMs used in the current study (see Supplementary Fig. S2 in Harrison et al., 2017) . Based on the contemporary surfaces, we assessed the potential fitness impacts of provenance transfer by calculating the difference between the predicted vegetative juvenility for the trial site ('pseudo-local') and the corresponding estimate for the home site of each of the 38 translocated provenances (non-local) used to develop the random forest model. To assess the likely risk of maladaptation of native provenances arising from climate change, we calculated for each provenance home site the difference between the vegetative juvenility values based on the projected (2080s) and contemporary climates.
Phenotypic selection analysis. Phenotypic selection analysis aimed to elucidate the selective importance of JUV occurring at an early age on fitness components manifested at a later life history stage. We thus evaluated the fitness consequences of variation in JUV by performing an analysis of phenotypic selection acting on this trait via SURV or REPR. Although the adaptive value of JUV was the main focus, there may be unmeasured traits influencing SURV and/or REPR that are phenotypically correlated with JUV, which could possibly lead to indirect selection on the focal trait. Consequently, the applied singletrait analysis will measure total selection acting to modify the phenotypic distribution of JUV within the given generation (Lande and Arnold, 1983; Arnold and Wade, 1984) . By using least-squares regression to model the relationship between a fitness component and a single target trait, a linear coefficient refers to a selection gradient quantifying the magnitude of total directional selection for higher or lower phenotypic trait values, and a quadratic coefficient pertains to a non-linear selection gradient that describes the effects of total selection in either decreasing (convex or stabilizing selection, when the quadratic coefficient is negative) or increasing (concave or disruptive selection, when the quadratic coefficient is positive) the phenotypic variance of the trait (for example, see Kalisz, 1986; Mitchell-Olds and Shaw, 1987) .
As both of the fitness components had dichotomous outcomes, we used a logistic regression model to evaluate the phenotypic selection acting on JUV through either SURV or REPR within provenances. A separate analysis was thus conducted for each fitness component by applying a logistic model with categorical predictors (i.e. using provenance and replicate as fixed effects) and also including linear and quadratic regressor terms for JUV. These analyses of phenotypic selection on JUV were based on data from the provenances that were most variable for this focal trait (see 'Data sets' above), and used only the trees effectively contributing to a fitness component (Koenig et al., 1991) , i.e. for SURV, all the scored individuals (N = 374); and for REPR, the survivors at age 20 years (N = 224). For each of these analyses, linear and quadratic logistic regression coefficients for JUV were obtained after centring the trait to have a mean of zero. Estimates of model parameters and associated standard errors were obtained by maximum likelihood estimation. Following a preliminary analysis that indicated no empirical support for heterogeneity of selection on JUV among provenances (Supplementary Data Methods S5), a two-tailed likelihood ratio test was used to assess the statistical significance of either the linear or quadratic logistic regression coefficient estimated for JUV. The quadratic logistic regression coefficient was not found to be statistically significant (P > 0.05) in the analysis of either SURV or REPR, possibly reflecting an insufficient sample size, and thus limited statistical power to enable detection of non-linear selection (i.e. requiring N > 500 to detect quadratic selection of a weak magnitude, as indicated by Kingsolver et al., 2001) . Therefore, the quadratic term for JUV was not fitted in a final logistic regression model, and only estimates of selection gradients referring to directional selection are reported. Janzen and Stern (1998) have outlined the advantages of using logistic regression in the context of the analysis of phenotypic selection mediated by a fitness component with only two measured categories. However, a logistic model does not yield regression coefficients that are quantitatively interpretable as selection gradients, and thus they cannot be applied to predict evolutionary responses to selection between generations (Brodie et al., 1995; Janzen and Stern, 1998) , unlike the coefficients obtained by least-squares regression (Lande and Arnold, 1983) . In this context, the linear logistic regression coefficient was transformed to obtain an approximate directional selection gradient, by calculating either an overall marginal effect of JUV [hereafter denoted as b juv(marg_overall) ] or a marginal effect of JUV by setting the value of this variable at its mean and averaging over provenance and replicate effects [hereafter denoted as b juv(marg_mean) ]. Details regarding these calculations and their interpretation are given in Supplementary Data Methods S6.
Under the applied final logistic regression model, the statistical significance detected for the untransformed linear logistic regression coefficient estimated for JUV provides an indication of the statistical significance for the corresponding transformations b juv(marg_overall) or b juv(marg_mean) . The standard error associated with a transformed linear logistic regression coefficient for JUV was approximated using the delta method. Selection gradients estimated by least-squares regression are based on the use of relative fitness (i.e. fitness values scaled to have a mean of one) as the response variable (Lande and Arnold, 1983) , whereas a logistic regression model analyses the relationship between absolute fitness (i.e. 0 or 1) and the focal trait(s) (Janzen and Stern, 1998) . Consequently, to obtain Increasing scores on PC1 correspond to increasing home-site aridity (high maximum summer temperatures, high radiation and low rainfall), and increasing scores on PC3 correspond to increasing home-site temperatures in general (see Supplementary Data Table S2 ).
a directional selection gradient that has an interpretation comparable with a related estimate from the least-squares regression, a transformed linear logistic regression coefficient of JUV was subsequently multiplied by a constant equal to the inverse of the sample mean of the fitness component analysed, so that b juv(marg_overall) and b juv(marg_mean) refer to the relative fitness scale. The same constant was also multiplied by the approximate standard error of the transformed linear logistic regression coefficient of JUV.
The SAS procedures LOGISTIC and NLMIXED (SAS, 2015) were used to pursue the phenotypic selection analyses.
RESULTS
Provenance differences and relationship between vegetative juvenility and home-site climate
Vegetative juvenility (JUV) differed significantly (P < 0.001; Supplementary Data Table S3 ) among provenances at the trial site, with continuous variation in the provenance values for mean effects. These differences paralleled the continuous phenotypic variation observed among the wild populations (Fig. 1A) . The modelling with the random forest algorithm showed that the variation among provenances for JUV at the trial site was significantly (P < 0.001) associated with variation in the provenance home-site contemporary climate [pseudo-r 2 = 0.63, with a bootstrap 95 % confidence interval (CI) of 0.62-0.64]. The first climate principal component (PC1), which reflected an aridity gradient, contributed most to this association, followed by the third principal component (PC3), which reflected a general temperature increase (Supplementary Data Tables S2 and S4) . Positive values on the aridity PC1 were associated with decreasing precipitation, increasing radiation and increasing maximum temperature of the warmest week (i.e. reflecting the risk of extreme high temperatures). There was a stepped cline in vegetative juvenility along this aridity gradient, with provenances that predominantly retain the juvenile foliage occurring on more arid home sites (Fig. 2B) . In contrast, there was a more gradual cline in vegetative juvenility along PC3 (Fig. 2C) . Increasing values of PC3 were associated with a general temperature increase across all seasons (i.e. TANN in Supplementary Data Table S2 ) at the provenance home site, rather than high temperature extremes (i.e. TMXWW in Table S2 ). When jointly considered, these climate principal components show that a stepped cline in JUV occurs where there is a combination of both high aridity and high temperatures ( Fig. 2A) .
Based on the contemporary climate, the mapping of vegetative juvenility predicted from the developed random forest model shows that the stepped climatic cline is also evident spatially, with a concentration of the late phase change in the central part of the distribution, on the northern shores of the River Derwent (Fig. 3A) . In this context, predicted values of vegetative juvenility >90 % were well matched with the current distribution of natural records classified as E. risdonii in the Natural Values Atlas. The 2080s-based forecasts for vegetative juvenility suggest that the steep climatic gradients associated with the present stepped cline between the E. risdonii (R) and E. tenuiramis (T) ontogenetic classes in this region will dissipate under climate change ( Fig. 3B ; see also Supplementary Data Fig. S3 ). In this sense, we forecast less vegetative juvenility for provenances of the R class, but more vegetative juvenility in a large portion of the current range of the T class (Figs 3B and 4B; see also Fig. S3 ).
As the common-garden trial is at the extreme cold, wet end of the range of the provenance home-site contemporary climates ( Fig. 2B, C ; see also Supplementary Data Fig. S1 ), the provenances with more vegetative juvenility would be expected to be poorly adapted under the climate conditions of the trial site (Fig. 4A) . Statistically significant differences (P = 0.039; Supplementary Data Table S3 ) of mean effects among provenances were detected for adult survival (SURV) by age 20 years. As hypothesized, these differences among provenances were mainly associated with a greater probability of mortality for provenances with more vegetative juvenility (Fig. 1B) . Indeed, based on testing pairwise contrasts between the ontogenetic classes, the main differences in SURV were observed between either the T or RT classes compared with the R class. These differences between class mean effects on the probability scale (hereafter denoted as Δ) were Δ T-R = 0.20 and Δ RT-R = 0.22 (P < 0.001). No statistically significant difference in SURV occurred between the RT and T classes (Δ RT-T = 0.02; P = 0.644). The differences of mean effects among provenances were not found to be statistically significant (P = 0.110; Supplementary Data Table S3 ) for the reproductive capacity of the surviving trees (REPR) at age 20 years. However, there was a significant trend for the R and RT classes to have a higher probability of reproducing than the T class (Δ R-T = 0.29 and Δ RT-T = 0.18; P < 0.001 and P = 0.010, respectively). The difference in REPR between the R and RT classes was, however, not statistically significant (Δ R-RT = 0.11; P = 0.166).
Phenotypic selection on vegetative phase change
Using the sub-set of central provenances that maximized the within-provenance phenotypic diversity in JUV, we measured the effects of total directional selection on this focal trait at the trial site through SURV or REPR. Consistent with directional selection, the within-provenance linear logistic regression coefficient estimated for JUV indicated statistically significant (P < 0.05) fitness consequences of variation in JUV acting via SURV and REPR, although a highly significant (P < 0.001) effect was evident for SURV only ( Table 1) . As shown in Table 1 , for either SURV or REPR, there was a small difference between the two approximate estimates obtained for the total directional selection gradient [i.e. b juv (marg_overall) and b juv(marg_mean) ]. This indicates a reduced influence of individuals with extreme predicted probabilities on the shape of the expected fitness curve, thus suggesting a reasonable overlap in the phenotypic distributions of JUV for survivors and non-survivors or reproductive and non-reproductive trees. The estimated directional selection gradients were negative for both fitness components, indicating that total phenotypic selection over the 15-year period following the JUV phenotyping favoured individuals within provenances exhibiting less vegetative juvenility. For example, considering SURV (i.e. the most significant fitness component), b juv(marg_overall) = -0.0084 indicates that a decrease of 1 % (or 10 %) in vegetative juvenility will increase, on average, the relative fitness by 0.84 % (or 8.4 %) (Table 1 ). This result is expected from the trial site climate (Fig. 2B, C) , and is consistent with the general trend observed among provenances for the probability of surviving (Fig. 1B) .
DISCUSSION
A marked aridity gradient, defined by increasing maximum summer temperatures (e.g. maximum temperature of the warmest week), increasing radiation (e.g. annual mean radiation) and decreasing rainfall (e.g. precipitation of the coldest quarter) is shown to underlie the genetic-based, heterochronic cline in the E. risdonii-E. tenuriamis complex. The provenances with more vegetative juvenility are confined to a localized area of high aridity in the centre of the geographic distribution of the complex. The reduced survival of the more arid-derived provenances with more vegetative juvenility when grown at the mesic common-garden site argues for some degree of local adaptation. While other traits also vary along the cline , when provenances were translocated to a mesic site, the phenotypic selection analysis showed significant total directional selection occurring within provenances on vegetative juvenility, with the corresponding selection gradient indicating that phenotypes with less vegetative juvenility were favoured. While this is evident from the highly significant directional selection gradient acting on vegetative juvenility via adult survival, it is less significant when acting through reproductive capacity (Table 1) , and the possibility that trade-offs between growth and reproduction may result in greater future survival of the less reproductive individuals cannot be dismissed. In addition, our evidence for the adaptive value of vegetative juvenility would have been enhanced with a common-garden field trial established in a more arid environment (Blanquart et al., 2013) , and with replication of mesic and arid environments (Costa e Silva et al., 2006) . In the heteroblastic species Eucalyptus globulus, which is widely grown in plantations in temperate regions of the world, different patterns of genetic correlation between diameter growth and the onset of phase change across sites are also consistent with early transition to adult foliage being advantageous on more mesic N is the number of observations used in the data analysis. For a given fitness component, the linear logistic regression coefficient estimated for JUV was transformed to obtain the following two approximate estimates for the total directional selection gradient: b juv(marg_overall) , from computing an overall marginal effect of JUV; and b juv(marg_mean) , from calculating a marginal effect of JUV by setting the value of this variable at its mean and averaging over provenance and replicate effects (see Supplementary Data Methods S6). The directional selection gradient estimates (and associated approximate standard errors) presented in the table refer to the relative fitness scale, so that they have an interpretation comparable with related estimates from least-squares regression (i.e. as described by Lande and Arnold, 1983) .
For either SURV or REPR, LRT and P-value pertain to the test statistic and significance probability, respectively, corresponding to a two-tailed likelihood ratio test that was conducted to assess the statistical significance of the linear logistic regression coefficient estimated for JUV. In this context, the statistical significance detected for the untransformed linear logistic regression coefficient also provides an indication of the statistical significance for the corresponding transformations sites (Jordan et al., 2000) . However, the ecological conditions favouring early phase change are likely to be complex and varied as, for example, precocious ecotypes of E. globulus are also favoured in stressful, wind-exposed coastal areas (Jordan et al., 2000; Hudson et al., 2014) .
The stepped nature of the present heterochronic cline in vegetative juvenility with respect to the aridity gradient could arise due to several factors, including an equilibrium condition being reached under a balanced selection/gene flow gradient model (Endler, 1977) , steepening of environmental gradients in unmeasured factors such as reduced soil depth enhancing water stress (Harper et al., 2009) , or even the co-occurrence of heat and water stress creating an adaptation threshold (Matusick et al., 2013; Mitchell et al., 2014) . In the latter case, both summer maximum temperatures and winter rainfall are key predictors of the provenance variation in drought susceptibility in E. globulus (Dutkowski and Potts, 2012) , with winter rainfall in these Mediterranean climates probably being a determinant of the potential of the soil water profile to be recharged. Aridity is a major selective gradient shaping provenance divergence in forest tree species, with adaptive changes reported to be genome wide (Steane et al., 2017) and multitrait (Moran et al., 2017) . Such adaptation has been associated with constitutive changes in anatomy (David-Schwartz et al., 2016) , morphology (Ramirez-Valiente et al., 2009) and physiology (Bradbury et al., 2013) within life history stages; differential phenotypic plasticity (Corcuera et al., 2012; McLean et al., 2013; Ramirez-Valiente et al., 2015a; Martin-Sanz et al., 2016; Ramirez-Valiente and Cavender-Bares, 2017) ; changes in resource allocation , including leaf abscission (Ramirez-Valiente and Cavender-Bares, 2017); and, as suggested by the present and other studies (Climent et al., 2006; Gauli et al., 2015) , heterochrony. However, in the case of forest trees, evidence that such changes represent specific functional adaptations is usually dependent on mechanistic interpretations (e.g. traits affecting cavitation resistance; Plomion et al., 2016) and rarely are the fitness gradients associated with specific traits quantified under field conditions (Ramirez-Valiente et al., 2014) .
In the case of common-garden trials involving provenance translocations (Franks et al., 2014) , there may be multiple traits which differ among provenances (Wiltshire et al., , 1998 Gauli et al., 2015) . In these cases, associations between fitness and functional traits may simply arise through selective covariance (Armbruster and Schwaegerle, 1996) rather than direct causality. By including the fixed effects of provenance as a categorical predictor in the model, our phenotypic selection analysis provided a measure of the fitness consequences of variation in vegetative juvenility that did not confound provenance mean differences in survival or reproductive capacity and variation among individual trees that relates more to a causal link between the focal trait and a fitness component (Heisler and Damuth, 1987; Campbell, 1991) . We detected a weak but significant linear component to selection within provenances on vegetative juvenility -signalling directional selection -for both survival and reproductive capacity in favour of phenotypes with less vegetative juvenility. However, we cannot discard the possibility that sample size may have precluded the detection of a non-linear component to selection, particularly for quadratic selection of small magnitude (Kingsolver et al., 2001 ).
Regardless, the single-trait approach that measured total selection on vegetative juvenility is unable to differentiate direct selection on this trait and selection acting indirectly through other (unmeasured) characters, which may be phenotypically correlated with the focal trait. Modelling simultaneously the fitness consequences of variation in multiple traits, chosen to represent the actual targets of selection, allows a distinction to be made between direct and indirect selection acting on them (e.g. by the estimation of partial regression coefficients). Nevertheless, under this multiple trait approach, the possibility that selection is occurring on an observed trait via selection acting on other unmeasured character(s) cannot be dismissed (Lande and Arnold, 1983; Mitchell-Olds and Shaw, 1987) . In addition, the form, strength and direction of selection acting on a focal trait may vary with environment (Wade and Kalisz, 1990; Garant et al., 2007; Lau et al., 2014) , season (RamirezValiente et al., 2015b) and life history stage (Arnold and Wade, 1984; Kalisz, 1986; Kingsolver et al., 2001; McGlothlin et al., 2005) , as well as be mediated through indirect pathways (Lau et al., 2014) .
What physiological and anatomical differences between the adult and juvenile leaves could explain the observed fitness impacts of vegetative juvenility in the E. risdonii-E. tenuiramis complex? In other eucalypt species, adult leaves have thicker cuticles and lower specific leaf area than juvenile leaves (Johnson, 1926; James and Bell, 2001; Gras et al., 2005) , suggesting better adaptation to water stress, and a role for the juvenile leaves in shaded or more mesic environments. In E. risdonii and E. tenuiramis, however, it is the juvenile leaf forms that are thicker than the adult, especially the epidermal and cuticular layers (Wiltshire, 1991) . Their juvenile leaves also have a more isobilateral distribution of photosynthetic tissue and stomata (Wiltshire, 1991) than, for example, the juvenile leaves of the wet sclerophyll species E. fastigata (Cameron, 1970b) . The juvenile phase of the dry sclerophyll (open forest) species E. tenuiramis does not appear to be a shade-bearing phase (Wiltshire, 1991) , and reduced light interception afforded by the connate leaf arrangement and the glaucous leaves with thickened epidermal layers in the E. risdonii-E. tenuiramis complex may be a factor favouring the persistence of juvenile leaves in the drier, hotter environments due to reduced risk of photoinhibition and heat stress (Ogren and Evans, 1992; Huggins et al., 2018) . Certainly, selection to reduce light interception in open environments appears to have been a major factor driving the evolution of differences in many leaf traits among species of the genus Banksia, another major Australian plant genus (Jordan et al., 2005) . Other possible advantages of retaining the opposite, sessile and connate juvenile leaf pairs in the more arid environment may relate to better hydraulic properties of the sessile leaves due, for example, to the recently demonstrated greater vulnerability of the petiole to cavitation relative to the stem (Hochberg et al., 2016) . In the present case, an eco-physiological mechanism for selection against phenotypes with more vegetative juvenility at the studied cooler, mesic site could be a reduced light interception for photosynthesis due to the waxy glaucousness on the leaf surface (Cameron, 1970a; Close et al., 2007) , absence of a petiole preventing ready optimization of leaf orientation Bell, 2000, 2001 ) and a consequent slower growth rate.
While based on provenance values for mean effects at a mesic site, the extrapolation of the variation in vegetative juvenility across the geographic range of the complex was a reasonable approach to study spatial variation using contemporary or projected climate surfaces, because: (1) the timing of vegetative phase change is under strong genetic control and exhibits little genotype by environment interaction at the provenance level (Hamilton et al., 2011) ; and (2) the provenance variation in the field trial was strongly correlated with the phenotypic variation observed among wild populations (Wiltshire et al., 1998 ; see also Fig. 1A) . Accordingly, based on the spatial locations studied, we argue that the discrepancies between the contemporary predictions and 2080s forecasts (Fig. 3A, B) are a signal of: (1) changing selection on vegetative juvenility across the geographic range; and (2) variation in the risk of maladaptation of the current generation of trees. Based on the 2080s forecasts, less vegetative juvenility will be favoured in the main core of the E. risdonii (Fig. 4B) , reflecting a more mesic climate for a large part of its distribution (Fig. 3B) . However, the change towards a less arid climate for the future habitat of the E. risdonii is projected to be less extreme (Fig. 3B) than the difference in contemporary climate involving the translocation of E. risdonii provenances to the trial site (Fig. 3A) . Thus, for E. risdonii populations in the wild, selection against vegetative juvenility is likely to be weaker by the 2080s than that currently observed in the trial site (Fig. 4A) . In contrast, while translocation of provenances to an arid site was not tested, a large part of the E. tenuiramis range is forecast to become more arid by the 2080s (Fig. 3B) , which will favour a greater vegetative juvenility for most of the sampled provenances from this ontogenetic class (Fig. 4B) . Such differential impacts of global climate change on selection are expected across species' ranges (Etterson, 2004; Ramirez-Valiente et al., 2009; Alberto et al., 2013; Drake et al., 2015) .
As we forecasted for E. tenuiramis, global climate change is expected to increase aridity across a significant component of the eucalypt woodlands and forests in Australia (Butt et al., 2013) . The present study suggests that vegetative juvenility is an adaptive trait, and it is likely to be part of the strategy that eucalypts use to respond to such change in two ways. First, at the individual level, there is phenotypic plasticity in vegetative phase change itself. Most eucalypt species generally exhibit at least some form of vegetative phase change during their development, and often revert to earlier ontogenetic stages when resprouting from lignotubers or stems following the damage of above-ground parts through, for example, fire or drought (Pryor, 1976) . Secondly, there is a genetic basis of population-level adaptation through heterochrony. The ontogenetic timing of the heteroblastic transition in eucalypts is also heritable (Wiltshire et al., 1998; Jordan et al., 1999; Hamilton et al., 2011) , meaning that selection gradients acting on the phenotypic variation in vegetative phase change will be expected to elicit heterochronic evolution. Together, these processes provide a pathway for species to respond to rapid environmental change through exploitation of their embodied ontogenetic diversity. The general roles of phenotypic plasticity, genetic adaptation and hybridization as mechanisms allowing the in situ persistence of populations in the face of global climate change are well recognized (Nicotra et al., 2010; Hoffmann and Sgro, 2011; Alberto et al., 2013; Franks et al., 2014; Janes and Hamilton, 2017) . Given the pace of global climate change relative to the generation intervals and dispersal capacity of many species (Alberto et al., 2013; Franks et al., 2014) , the present study highlights developmental plasticity (Diggle, 2002) and heterochrony (Williams et al., 2015) as underappreciated processes which can contribute to populations of long-lived organisms, such as trees, persisting and ultimately adapting to environmental change.
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